Methods of contemporary physical materials science are applied for the analysis of structural and phase states, tribological and mechanical properties of hypoeutectic silumin treated by electron beams with parameters as follow: energy density -10-35 j/cm 2 , pulse duration -10 µs, number of pulses -3, pulse-repetition frequency -0.3 Hz. The initial structure of silumin comprises grains of aluminiumbased solid solution, eutectic grains, inclusions of silicon and intermetallic compounds with different shapes and sizes. Electron beam treatment (EBT) with energy density of 20-35 j/cm 2 causes melting of the surface layer, dissolution of silicon in clusions and intermetallic compounds. A structure of high-speed cellular crystallization is formed, and submicro-and nanosize particles of the second phase are reprecipitated. An average size of crystallization cells are of 0.3-0.5 µm at the irradiated surface and of 0.4-0.8 µm on the lower edge of the layer with the cellular structure. The graded structure and phase states are analysed at a depth of up to 120 µm. The submicron grains of lamellar eutectic are detected at a depth of 15 µm. The lateral sizes of eutectic lamellae are within the range of 25-50 nm. The study indicates that nanohardness of irradiated silumin changes nonmonotonously and reaches its maximum at a depth of about 30 µm, which is approximately four times higher than hardness in the initial state. Hardness of the layer close to the irradiated surface (that is at a depth of ≈ 5 µm) is higher by a factor of ≈ 1.6 than that of
introduction Currently, silumin is widely applied for manufacturing of multipurpose components, ranging from household appliances to devices used in car and aircraft engineering, mainly due to their low cost, high casting properties, corrosion and wear resistance, and a low coefficient of thermal expansion. However, particles of silicon in silumin eutectic and inclusions of intermetallic compounds have a rough lamellar or needleshaped form in foundry goods manufactured without special processing of a melt, deteriorating, therefore, strength and plastic properties of material and manufactured items [1] [2] [3] [4] [5] . Modification of the melt makes it possible to change form and sizes of silicon crystals and intermetallic compounds [6] [7] [8] [9] . Beryllium, vanadium, tungsten, niobium, cobalt and some other materials are recommended for applying as modifiers [1] [2] [3] [4] [5] [6] [7] [8] [9] . The use of these modifiers has some shortcomings, such as high toxicity of components as well as their deficit and high cost of a finite product, consequently.
Recent years, concentrated flows of energy (strong ion and intense pulse electron beams, plasma fluxes, laser rays) are used as an instrument for significant transformation of element and phase composition, structure and properties of the material surface [10] [11] [12] . Ultra-high speeds of heating and cooling of the surface layer allow formation of a homogenous submicro-and nanosize structure, which improves general characteristics of devices [13] [14] [15] .
Electron-beam treatment possesses a number of advantages in comparison with other methods using concentrated energy flows. It is outlined in studies of Chinese researchers [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] that processing of eutectic and hypereutectic silumin by electron beams (pulse duration only some microseconds) (electron beam unit 'Nadezhda-2') results in essential modification of properties in the material surface under the influence of dynamic stress fields generated at heating, melting, and cooling. This modification is associated with considerable refining of the structure, improvement of wear and corrosion resistance, as well as increase of hardness.
It is highlighted [16] that an equiaxial fine-grained structure (with thickness of some micrometers) is formed on the surface in the melted layer due to electron beam treatment (density of beam energy -3 j/cm
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detected containing oversaturated Al solid solution. A significant rise of wear resistance (with factor of 2.5) is reported as a result of electron beam treatment, which is possible due to hardening of the fine-grained structure and solid solution [16] . Electron beam treatment (3 j/cm 2 , 1 µs, 15 pulses) of hypereutectic silumin (17.5% Si) is related to significant improvement of the structure in the alloy with big silicon inclusions [17] . No new phases are generated after electron beam treatment, although all diffraction peaks are widened as compared with the initial state, and diffraction peaks of aluminium are shifted to bigger angles. Furthermore, after electron beam treatment there are small structures detected in the alloy containing coarse inclusions of silicon in the initial state. These structures are possible due to mutual diffusion of silicon and aluminium, resulting, in its turn, in solid solution of aluminium and silicon. Chemical compositions of silicon and aluminium are gradually distributed, forming 'halo' morphology on the structural images. The gradient nature of the irradiated region is also corroboration that microhardness of silicon is distributed from the centre towards the edge 'halo' [18] . The researchers [18] also revealed a new phase in the same alloy because of electron beam treatment, and a significant decline of aluminium lattice parameter after 15 pulses. Microhardness of silicon varies non-monotonously from the centre to edges of the zone with diffusion of aluminium and silicon; microhardness in the centre of silicon plates gradually decreases together with the growing number of pulses. At the beginning, wear resistance increases, dropping afterwards with the growing number of pulses, here wear losses lower to 84.6% after 15 pulses [17] . Reference [19] focuses on the influence of pulse number in electron beam treatment (energy density of electron beam 2.5 j/cm 2 ) of silumin (15% Si) on the structure and phase composition in the 'halo' zone. It is demonstrated that this treatment furthers melting of the surface layer (thickness of up to 10 µm). As for hypereutectic alloy Al-20% Si, it is found [20] that initial particles of silicon dissolve in aluminium matrix and oversaturated solid solution is formed in the melted layer because of electron beam treatment. The researchers suggest this phenomenon is caused by silicon diffusion. The data of x-ray structural analysis point out at a decline of aluminium lattice parameter and increasing micro-deformation of the alloy crystal lattice after electron beam treatment. The assessment of silicon microhardness revealed a gradient change from the centre towards edges of the zone processed by electron beams [21, 22] .
It is reported in Ref.
[24] that microstructure and mechanical properties of Al-Si-Pb alloy improve significantly when irradiating the surface of samples in conditions of electron beam treatment (1.5-2.5 j/cm 2 , 1.5 µs, 15 pulses). A considerable growth of wear resistance is indicated for alloy processed by electron beams (electron energy density of 2.0 j/cm and 2.5 j/cm 2 ). Applying optical metallographic methods and photoelectron x-ray spectroscopy it is found out that low speed of wear and friction coefficient under high loads are caused by a lubricating film, which covers the tested surface. The film contains atoms of iron, aluminium, silicon and lead, which are components of compound Pb 4 SiO 6 . The growth of applied load causes oxidation wear, destruction of a film and adhesion wear [24] . Similar results were obtained for Al-Pb alloy processed by electron beams [25] . These include significant improvement of wear resistance and mechanical properties. The scientists suggest that it is related to the lubricating film. The type of wear varies from the oxidation one at low loads to adhesion one at high loads.
It is reported on formation of craters and microcraters on the melted surface and heightened number of vacancies and dislocations in pure aluminium irradiated by electron beams (with energy density of 3 j/cm 2 ). The data on distribution of microhardness demonstrate that the modified layer is some hundreds of micrometers, exceeding considerably the zone of thermal impact. Electron beam treatment of Fe-40% Al alloy in the heat mode (without melting the surface) results in formation of a fine-grained structure and modification of the surface texture. Alongside with formation of vacancies, it furthers significant growth of the surface microhardness. Corrosion resistance of the alloys remains the same [26] .
Therefore, a number of studies examined the influence of concentrated flows of energy on mechanical properties of metals and alloys, including silumin. Some research provided information on the influence of laser, plasma, electron beam processing on tribological and mechanical properties, formation of the structure and phase composition in aluminium alloys, including silumin. The data of research suggest that processing by a pulse electron beam is a promising and established procedure to modify structure and phase states in the surface layers of metals and alloys.
The goal of this work lies in analysis of the structure and properties of hypoeutectic silumin irradiated by pulse electron beam with submillisecond exposure time and density of electron beam varying in a wide range.
Material and research Methods
The as-cast АK10М2Н silumin was used as an investigated material. According to Russian Standard GOST 30620-98, this aluminium-based alloy contained Si (9.5-10.5 wt.%), Cu (2.0-2.5 wt.%), Ni (0.8-1.2 wt.%), Mg (0.9-1.2 wt.%), Fe (up to 0.6 wt.%), Mn (up to 0.05 wt.%), Ti (up to 0.05 wt.%), Pb (up to 0.05 wt.%), Zn (up to 0.06 wt.%), and Sn (up to 0.01 wt.%). The samples were in the form of 20×20×10 mm plates. The surface of plates was irradiated by pulse electron beam, using the unit 'SOLO' [27] and according to the parameters as follow: energy of accelerated electrons -17 keV, densities of electron beam energy -10, 15, 20, 25, 30, and 35 j/cm 2 , pulse duration of electron beam -150 µs, number of pulses -3, pulse repetition frequency -0.3 s −1
. The structure of samples was examined using different types of microscopy: optical (metallographic microvisor µVizo-MET-221), scanning (Philips SEM-515 with a microanalyser EDAX ECON IV) and transmission (jEM-2100F, jEOL) electron microscopy, x-ray structural analysis (diffractometer XRD 6000). The element composition of silumin was examined according to x-ray microspectral methods. Tribological tests were carried out using tribometer Pin on Disc and Oscillating TRIBOtester (TRIBOtechnic, France) at the following para meters: a ball of ШХ15 steel, diameter -6 mm, radius of track -2 mm, load -1 N, distance -5-80 m. Hardness of the surface layer was measu red with microhardness measuring device PMT-3 at a loaded indenter.
results and Discussions
In the initial state, the structure of silumin contains grains of aluminium-based solid solution, eutectic grains, inclusions of silicon and intermetallic compounds of different sizes and forms varying in the wide ranges (Fig. 1) .
Methods of х-ray microspectral analysis were used to define element composition in the inclusions. Figure 2 shows one of the variant to analyse the element composition of as-cast silumin. The numerical data of obtained results are given in Table 1 .
The analysis of data, given in Fig. 2 , a and b, indicates that element composition in the thin section of silumin is similar to the element composition of АК10М2Н silumin (Russian Standard GOST 30620-98). The element composition of inclusions (shown in Fig. 2 , c, and given in Table 1 ) indicates that alloying elements are distributed nonuniformly in as-cast silumin. The main part of silumin (zone 1, Fig. 2, c) is alu- Fig. 1 . Electron-microscopy image of the as-cast silumin structure minium-based solid solution, in which the amount of alloying elements is far below the average (Fig. 2 , b, Table 1 ). Inclusions designated with numbers 2, 3, and 4 in Fig. 2 , c are saturated with magnesium, silicon and copper (inclusion 2), copper and magnesium (inclusion 3), nickel, iron and copper (inclusion 4). These results, revealing nonuniform distribution of alloying elements in as-cast silumin, are similar to those obtained when examining other inclusions. Therefore, the data of SEM and x-ray microspectral studies demonstrate that alloying elements distribute nonuniformly in as-cast АК10М2Н silumin.
The surface layer in silumin was homogenized, irradiating the surface by intense pulse electron beam. It is established that irradiation of silumin by electron beam (density of energy E s = 10 j/cm 2 ) is associated with melting of aluminium along the interface with inclusions of the second phase (Fig. 3 ). The width of the melted layer (in the irradiation plane) is of 10-15 µm (Fig. 3, b) . Selective melting in the surface of silumin is caused by a low thermal conductivity coefficient of inclusions. Consequently, the adjacent layer of aluminium is melted under pulse irradiation of samples. No melting material is observed in the regions without inclusions: scratches made during mechanical polishing of the material (Fig. 3, b) indicate this fact.
The increase in energy density of electron beam up to 15 j/cm 2 is related to disappearance of scratches on the surface of aluminium, indicating this way, melting of the surface layer in aluminium (Fig. 4, a) . Melting of aluminium adjacent to inclusions of the second phase is associated with formation of a structure with cellular crystallization. Cells vary from 200 nm to 220 nm (Fig. 4, b) . The width of layers with the structure of cellular crystallization reaches 15-20 µm. Cells cannot be found far from inclusions of the second phase, which can indicate on a small thickness of the melted surface layer. 
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At the energy density of electron beam of 20 j/cm 2 and above, the inclusions of silicon and intermetallic compounds in the surface layer are dissolved dynamically (Fig. 5) . In conditions of ultra-fast cooling in the melted layer, inclusions of intermetallic compounds dissolve and (at the same time) a net of microcracks appears on the surface, which might be an evidence of a high level of tension stresses and heighten brittleness of the material (Fig. 5, c) . Melting and high-speed cooling of the surface layer in silumin are reasons for formation of the structure with cellular crystallization (Fig. 5, d ). The sizes of cells vary within the range of 400-500 nm, increasing slightly when energy density of electron beam changes within the range of 20-35 j/cm 2 . In electron-microscopy images of silumin irradiated by electron beam there are zones detected with significantly different contrast (Fig. 5, . This fact indicates, probably, that alloying elements are distributed nonuniformly in the surface layer of the material. Actually, applying methods of x-ray microspectral analysis it was found out that element composition of the surface layer in silumin irradiated by intense pulse electron beam is related to the selected zone of analysis (Table 2; regions of analysis are designated with numbers). Table 3 , we can conclude that averaging of results according to large areas reveals only insignificant (within the limits of measurement error) changes in the concentration of alloying elements in the surface layer of irradiated samples, excluding silicon. The concentration of silicon in the surface layer is almost twice lower than that in the main part of the sample. Therefore, irradiation of silumin by pulse electron beam (20-35 j/cm 2 , 150 µs, 3 pulses) is associated with dissolution of silicon and intermetallic compounds in the surface layer. It is hardly possible to synthesize a surface layer with uniform distribution of alloying elements. However, element composition in the surface layer of silumin irradiated by electron beam varies less significantly than that in the initial material. A substantial drop of silicon concentration in the surface layer of silumin indicates, probably, a graded element composition in the material, forming under irradiation by pulse electron beam.
To determine phase composition and state of the crystal lattice in the surface layer of silumin modified by intense pulse electron beam methods of x-ray microstructural analysis were applied. Figure 6 shows a section of x-ray picture taken on the sample irradiated by electron beam (35 j/cm 2 , 150 µs, 3 pulses). The data of numerical x-ray structural analysis are represented in Table 4 . Taking into consideration these data (in Table 4 ), it can be stated that high-speed crystallization and subsequent cooling initiated by irradiation of silumin by intense pulse elec- tron beam is related to formation of a multiphase surface layer, which contains aluminium-based solid solutions designated AlSi and Al in Table 4 , silicon and copper aluminide AlCu 2 . Apparently, the synthesis of two aluminium-based solid solutions is most detectable at a density of electron beam of 35 j/cm 2 . The crystal lattice parameter in AlSi solid solution is lower than that of pure aluminium (0.40494 nm) [28] . This solid solution can be synthesized due to alloying of aluminium with silicon, copper, iron, and nickel atoms, since their atom radii (R Si = 0.132 nm, R Cu = 0.128 nm, R Fe = 0.126 nm, R Ni = 0.124 nm) are smaller than the aluminium-atom radius (R Al = 0.143 nm) [28] . Therefore, substitution of aluminium atoms causes the decrease of crystal lattice parameter in AlSi solid solution.
If energy density of electron beam is 35 j/cm 2 , the parameter of the crystal lattice in the second phase of aluminium-based solid solution (designated Al in Table 4 ) is higher than that of pure aluminium. It can be related to dissolution of particles of magnesium containing intermetallic compounds, and saturation of aluminium solid solution with atoms of magnesium (R Mg = 0.160 nm) [28] . The parameter of silicon crystal lattice is lower than that in the Ref. [28] , where а Si = 0.54307 nm. It indicates that silicon-based solid solution is synthesized in the process of crystallization, and it contains atoms of copper, nickel and iron, since atom radii of these elements are smaller than the atom radius of silicon. The relative concentration of silicon in the modified layer of silumin is rather low and similar to that obtained by methods of x-ray microspectral analysis (Table 1) .
Thus, the data obtained by methods of x-ray microspectral analysis (SEM) and x-ray structural analysis make it possible to state that irradiation of silumin by intense pulse electron beam in the mode of melting doesn't result in homogenization of the surface layer. Further highspeed crystallization is associated with formation of two aluminiumbased solid solutions, differently saturated by atoms of silicon and other alloying and impurity elements. Using methods of TEM, thin foils' studies on the defect substructure of the surface layer in silumin, irradiated by electron beam were carried out, and as revealed (Fig. 7) , the irradiation of silumin by intense pulse electron beam causes formation of a cellular structure in the surface layer at the stage of high-speed crystallization. Sizes of cells vary from 0.3 µm to 0.5 µm and increase simultaneously with the growth of energy density of electron beam. The cells are separated by thin layers of the second phase; sizes of the layers do not exceed 100 nm (Fig. 8) . Throughout the cells, there is dislocation structure detected in form of chaotically distributed dislocations (Fig. 8, а) . According to the data of x-ray microspectral analysis of element composition in thin foils (mapping method), given in Fig. 9 , the cells are formed by aluminium-based solid solution (Fig. 9, а) . Layers separating cells of crystallization are saturated with atoms of silicon, copper and nickel (Fig. 9, b-d) .
Therefore, results of x-ray microspectral analysis (SEM and TEM) and x-ray structural analysis show that irradiation of silumin by intense pulse electron beam in the mode of melting and subsequent high-speed crystallization are associated with formation of a multiphase submicro- and nanocrystal surface layer, containing cells of high-speed crystallization separated by layers of the second phase.
Mechanical and tribological properties of the surface layer in silumin were measured using microhardness, friction coefficient, and wear parameter. The conditions of tests are given in Table 5 . Obtained data (for these conditions) are represented in Table 6 .
Analysing data in Table 6 , we can assert that characteristics of the surface layer in silumin change significantly due to irradiation of the material by intense electron beam. For instance, friction coefficient drops by a factor of 1.3, wear parameter (reciprocal value of wear resistance) decreases sevenfold, and microhardness increases by a factor of 1.7. Comparing results of tests with those obtained during studying structure of the irradiated layer, we can conclude as follows. A seven- fold increase in wear resistance of silumin as compared with that in the initial state is observed on the samples, the surface layer of which has a submicro-and nanosize multiphase structure of cellular crystallization and does not contain primary inclusions of silicon and intermetallic compounds. Figure 10 demonstrates varying friction coefficient of silumin during testing. Comparing the data of tests on silumin in as-cast (Fig. 10, а) and irradiated (Fig. 10, b) states, we can note as follows. Firstly, the time when friction coefficient changing becomes stationary is far longer in the irradiated sample. Secondly, the oscillation amplitude of friction coefficient is significantly higher for as-cast silumin.
Profiles of wear track in silumin (shown in Fig. 11 ) and numerical characteristics of the track (Table 7 ) also depend definitely on the state of the surface layer in the material. Wear tracks formed during tribological tests of as-cast material are significantly bigger and have a bigger difference in depth. Apparently, this is caused by big inclusions of silicon and intermetallic compounds in as-cast material, which chip during testing.
Multiple changes of mechanical and tribological characteristics in silumin are obviously caused by transformation of phase and element composition, and state of the defect substructure in the surface layer of silumin, which is initiated by high-speed thermal treatment taking place during electron beam treatment. Numerous studies [14, 15] reveal that irradiation of the material by concentrated energy fluxes (electron and ion beams, plasma fluxes, laser rays, etc.) results in formation of a graded structure. The graded structure (formed under irradiation of silumin by intense pulse electron beam) was studied during SEM-analysis of cross sections and TEM-analysis of the structure in the crosscut foils. Using SEM, the cross sections of silumin were analysed. It was found out that thickness of the surface layer (where primary inclusions of silicon and intermetallic compounds are hardly detectable with the help of SEM) varies in the range from 35 µm to 100 µm and increases simultaneously with the growing energy density of electron beam (Fig. 12, а) . Throughout this surface layer, there are uniformly distributed inclusions, the sizes of which vary in the range of 150-175 nm (Fig. 12, b) . Taking into account a lighter contrast (as compared to the matrix) of these inclusions, we can conclude that they are saturated with atoms of alloying (impure) elements with higher atomic weight in comparison to aluminium, therefore, they are particles of an intermetallic phase.
The analysis of cross sections of silumin irradiated by electron beam revealed formation of a multilayer graded structure. According to morphology of the defect structure, three layers can be conventionally distinguished: surface layer (Fig. 12, а, layer 1) , intermediate layer (Fig. 12, а, layer 2) , and layer of thermal impact (Fig. 12, а, layer 3) . The surface layer has a structure of cellular crystallization, formed during high-speed cooling of the material in the melted state (Fig. 12, b,  layer 1) . Primary inclusions of the second phase are not detected in this layer via the SEM-methods. The intermediate layer contains primary inclusions of the intermetallic phase, which are centres of crystallization for aluminium-based solid solution (Fig. 12, b, layer 2) . Fig. 12 . Electron-microscopy image of the structure in cross section of silumin irradiated by intense pulse electron beam (25 j/cm 2 , 150 µs, 3 pulses). Vertical arrow (in the left figure) indicates irradiated surface. Numbers indicate surface layer (1), intermediate layer (2), and layer of thermal effect (3) Figure 13 and Table 8 provide results of x-ray microstructural analysis of the surface and intermediate layers in the silumin samples.
Comparing results of the study of element composition in the surface layer (zone 1, Fig. 13, а) with results of element analysis presented in Fig. 2, b , we can note a rather low concentration of silicon and high concentration of nickel and copper as compared with cast silumin. Therefore, high-speed crystallization of silumin is associated with redistribution of alloying elements on the crystallization front, viz. displacement of silicon from the crystallizing layer. As mentioned above, the in termediate layer (Fig. 12) contains inclusions of not fully dissolved intermetallic phase (Fig. 13, а, zone 3) and is significantly silicon enrich ment (Fig. 13, а, zone 2) . Table 8 represents the quantitative results of x-ray microspectral analysis of the silumin region shown in Fig. 13 , а. Fig. 13 . Electron-microscopy image of the structure in as-cast silumin irradiated by electron beam (25 j/cm 2 , 150 µs, 3 pulses) (а); energy spectra (b) obtained on the surface area and shown in (а). The table (b) provides numerical results of the analysis on element composition in the area designated as 1 in (а). Table 8 . The results of x-ray microspectral analysis for thin section of silumin represented with the electron-microscopy image in Fig. 13 Element Number of analysed part (Fig. 13, а The results of x-ray microspectral analysis of element composition in silumin, presented in Fig. 14, suggest as follows. First, the distribution of silicon in the surface layer with a thickness of ≈ 60 µm is quasi-uniform; inclusions of silicon are detected far from the surface of irradiation. Second, the concentration of silicon atoms in the surface layer of ≈ 60 µm is at least twice lower than declared in the Russian Standard GOST 30620-98. Third, inclusions of intermetallic phase are found at a depth of ≈ 40 µm and even deeper.
Thus, using SEM methods, it was found out that as-cast silumin is a multiphase aggregate and contains inclusions of silicon and intermetallic compounds with rather different sizes and form. Irradiation of silumin samples by intense pulse electron beam is associated with melting of the surface layer, dissolution of silicon inclusions and intermetallic compounds, formation of a structure of cellular crystallization, and iterative release of submicro-and nanosize particles of the second phase. High-speed heating and crystallization of the melted layer are related to formation of a graded structure with regular distribution of silicon inclusions and intermetallic compounds.
A more precise measurement of the graded structure in the silumin layer surface modified by electron beam (25 j/cm 2 , 150 µs, 3 pulses) and SEM of thin foils prepared from crosscut sections of samples treated by electron beam revealed formation of a cellular type structure (Fig. 15, а) . The thickness of layer with the cellular crystallization structure is up to 40 µm. There were no inclusions typical for as-cast silumin detected in the layer with cellular structure. Using methods of x-ray microspectral analy sis, it was found out that cells are formed by aluminium-based solid solution (Fig. 15, b) . The cells are separated by thin layers of the second phase (Fig. 15, а) . In compliance with the data of x-ray microspectral analysis, they are saturated with silicon and copper atoms (Fig. 15, c and d) . Table 9 provides quantitative results of the element analysis. We can clearly see that the main elements in the analysed surface section are aluminium, silicon, and copper; there is also a small amount of magnesium, nickel, iron, titanium, and manganese. It should be noted that the concentration of silicon in the surface layer is significantly lower than Table 9 . The results of x-ray microspectral analysis of the foil section represented in Fig. 15, а (fitting that regulated in the Russian Standard GOST for silumin. Similar results were obtained by methods of SEM and x-ray phase analysis. The average size of the cells of high-speed crystallization in the surface layer is 0.4 ± 0.11 µm. The size distribution of cells is monomodal, indicating high size uniformity in the formed structure (Fig. 16) . As deeper from the surface of irradiation, the increase in average sizes of crystallization cells is revea led; on the bottom edge of the layer with cellular crystallization they are of 0.65 ± 0.22 µm. The surface layer of silumin with the structure of cellular crystallization contains grains of lamellar eutectic (Fig. 17) . The layer of silumin, where only aluminium melts and primary inclusions of silicon and intermetallic compounds are detected, precipitates at a distance of 80-90 µm from the surface of irradiation. In this (Fig. 19) . As deeper from the surface of irradiation (100 µm and more), the structural region of the thermal impact is revealed by intense pulse electron beam (25 j/cm 2 , 150 µs, 3 pulses). This structural region is similar to the structure of silumin in the initial state according to element and phase composition. Figures 20 and 21 demonstrate typical structure in this layer of silumin.
Using methods of x-ray microspectral analysis of thin foils, it was revealed that element composition of silumin irradiated by electron beam depends regularly on the distance from the surface of irradiation (Table 10 ). The analysis of data in Table 10 suggests that silicon concentration changes most significantly, a relative concentration of this element grows from 6.2 wt. 150 µs, 3 pulses) is associated with the drop in silicon concentration in the surface layer, the thickness of which is up to 30 µm. We can suggest that the decrease in concentration of alloying elements in the surface layer of silumin irradiated by intense pulse electron beam, can contribute to the loss in strength of the surface layer. Hardness of the modified layer was determined on the crosscut polished thin sections at a load on indenter of 30 mN. Figure 22 shows face of metallographic thin sections with indenter imprints.
One can clearly see that the sizes of imprints and, therefore, the hardness depend substantially on the distance to the surface of irradiation (the surface of irradiation is indicated by the arrow in Fig. 22, а) . The sizes of indenter imprints close to the surface of irradiation (Fig. 2,  а) are quite smaller than those located deeper (200 µm, Fig. 22, b) from the surface of irradiation. That is why the irradiation of silumin by electron beam is associated with hardening of the surface layer in a sample, despite the lowering of alloying degree. Figure 23 provides results of plotting hardness profile of the irradiated samples of silumin. The analysis of the results (Fig. 23) suggests that silumin hardness changes nonmonotonously, reaching its maximums in the layer at a depth of 30-50 µm. Silumin hardness exceeds hardness in the initial state by a factor of 3.8-4.2. In the layer adjacent to the surface of irradiation (i.e., located at a depth of ≈5 µm), the hardness is higher than that of as-cast silumin (in our case, it is a layer at a depth of 500 µm) by a factor of ≈1.6. Therefore, the results of SEM allow suggesting that the increase of silumin hardness (by a factor of 3.8-4.2 in the layer at a depth of ≈30 µm) is caused by formation of a morphologically two-base structure. This structure contains submicron cells of high-speed crystallization of aluminiumbased solid solution with nanosize layers of the second phase located on the cell boundaries, and submicron cells of eutectic silumin crystallization.
conclusions
Using methods of scanning electron microscopy, it was found out that as-cast hypoeutectic silumin is a multiphase aggregate, which is formed by grains of aluminium-based solid solution, grains of eutectic, inclusions of silicon and intermetallic compounds with a wide range of sizes and different shapes; furthermore, the distribution of alloying elements is significantly inhomogeneous. It is reported that irradiation of silumin by intense pulse electron beam (20-35 j/cm 2 , 150 µs, 3 pulses, 0.3 1/с) is associated with melting of the surface layer, dissolution of silicon inclusions and intermetallic compounds, formation of the structure of cellular crystallization, and iterative release of submicro-and nanosize particles of the second phase. A considerable drop (1.5-2 times) of silicon concentration is detected in the layer adjacent to the surface of irradiation. It is identified that the concentration of silicon grows as far from the surface of irradiation and reaches referential values in the layer at a depth of ≈30 µm.
A multiple alteration of mechanical and tribological characteristics is revealed in the surface layer of silumin irradiated by intense pulse electron beam. Friction coefficient decreases by a factor of 1.3, wear parameter (reverse value of wear resistance) decreases by a factor of 7, while microhardness increases by a factor of 1.7. It is assumed that the sevenfold increase in wear resistance in the modified layer of silumin as compared with as-cast material is caused by submicro-and nanosize multiphase structure of cellular crystallization without primary inclusions of silicon and intermetallic compounds.
It is determined that high-speed mode of melting and subsequent crystallization, which take place during intense pulse electron beam irradiation, result in formation of silumin with the graded structure in the surface layer. The average size of cells is 0.4 ± 0.11 µm at the surface of irradiation and 0.65 ± 0.22 µm on the lower edge of the cellular crystallized layer. The volume of cells is formed by aluminium-based solid solution. The cells are separated by thin layers of the second phase saturated with atoms of silicon and copper. In the layer deeper than 15 µm, the formation of submicron grains of lamellar eutectic is detected. The cross sizes of eutectic plates vary from 25 nm to 50 nm. At a depth of 50-70 µm, there is a layer of silumin, where melting of aluminium and silicon takes place, and inclusion of intermetallic compounds remain. High-speed crystallization in this layer is associated with formation of the structure with cellular crystallization of aluminium and grains of lamellar eutectic. At a depth of 80-90 µm, there is a layer of silumin detected, where aluminium melts, while inclusions of as-cast originated silicon and intermetallic compounds remain. In this case, cells of high-speed crystallization of aluminium are found in the structure. The submicron grains of lamellar eutectic are not detected.
It is demonstrated that hardness of irradiated silumin varies non-mono tonously, reaching maximum value in the layer at a depth of 30-50 µm. This maximum exceeds hardness of the material in the initial state by a factor of 3.8-4.2. In the layer close to the irradiated surface (i.e. at a depth of ≈5 µm), the hardness is 1.6 times higher than that for as-cast material. It is determined that the increase of hardness in the surface layer by a factor of ≈1.6 is caused by formation of the submicron structure with cellular crystallization, nanosize layers of the second phase located on the cell boundaries. The increase by a factor of 3.8-4.2 in hardness of the subsurface layer in silumin is related to morphologically two-base structure, which contains sub-micron cells of high-speed crystallization of aluminium-based solid solution and nanosize layers of the second phase on the boundaries of the cells, and sub-micron cells of eutectic crystallization of silumin.
